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dDepament of Physics, Purdue University, West Lafayette, IN 47907

eUSR1\ft4aval Research Laboratory, Washington, DC 20375

ABSTRACT

A feasibility study of megapixel microcalorimeter arrays, based on thermoelectric energy to voltage conversion and digital
superconducting readout, is presented. The design concept originated from the philosophy of employing the simplest
principles at the single-pixel level to enable large arrays without sacrificing energy resolution, fast operation speed, and
quantum efficiency. Initial experimental tests confirm the basic predictions of theory, and show no major obstacle in
achieving the desired characteristics.

Keywords: imaging microcalorimeter, energy resolution, thermoelectric sensors, hexaborates.

1. INTRODUCTION

At the frontiers of celestial X-ray/UV astronomy, two aspects of the instrumentation will determine the ultimate
limitation on future missions. The first is the effective area of the mirror or mirror equivalent. Improvements in spatial,
spectral, temporal, or other resolution must be accompanied by increased numbers of source photons to maintain adequate
statistics and thus signal-to-noise for the signal features under study. The second critical aspect is the efficiency and spectral
resolution of the detector. Modern CCD detectors have already achieved efficiencies in excess of 90% of their theoretical
limit with excellent spatial resolution, but are limited in their temporal resolution by the long read-out time per pixel. More
importantly, their non-dispersive spectral resolution is limited statistically so that L\EFWHMcannot exceed the level of —100 eV
for E=6 KeV photon events. Although incremental improvements will certainly continue to be made, obtaining a large
increase in detector capabilities requires a new detector paradigm.

The next generation of single-photon detectors will need to be hyperspectral imaging detectors capable of obtaining
high spectral resolutions (up to E/AE,HM=lO,OOO for E=1—6 KeV x-ray photon events and A/AX >100 for UV photons) and
processing high event rates, while maintaining high spatial resolution and high focal plane efficiency. We are developing the
QVD detector, a hyperspectral replacement for the CCD which would represent a revolutionary increase in capability for
future NASA missions and would contribute to NASA's "Origins" and "Cosmic Journeys" programs. The QVD detector is
an array of photon counting pixels, each of which absorbs incoming photons, converts the photon energy to heat (Q),
thermoelectrically converts the heat to a voltage (V), and then processes the voltage pulse into a digital (D) signal. Each
QVD pixel contains an absorber and a heat sink coupled by a thermoelectric sensor. When a photon is absorbed, the absorber
becomes warmer than the heat sink. The heat flowing from the absorber to the heat sink through the sensor generates a
Seebeck voltage across the sensor without an external bias voltage or current. This voltage is read out by cryogenic
electronics devoted entirely to the absorber-heat sink pair; the voltage pulse is processed into a digital measure of the energy
deposited in the absorber and stored in an on-chip memory. A separate circuit is used to sequentially read out the pixel array.
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By mutiplexing the digital data, a single, easily connected optical fiber can deliver data from 1000 pixels at frame rates up to
1 MHz.

The QVD detector enjoys a number of significant advantages over other hyperspectral detectors and detector
concepts, most notably microcalorimeter and microbolometer arrays using either superconducting tunnel junction (STJ) or
transition edge sensor (TES) technologies. The QVD sensors need no applied biasing. The single thermoelectric sensor used
to read out each absorber-heat sink pair means that only one low current lead is required per pixel. This greatly simplifies the
complexity of array wiring over other concepts and facilitates the vertical packaging which is a key feature of the QVD
readout concept. High spatial resolution (10-20 tm scale pixels) and high focal plane area efficiency (>90% due to the small
dead space between pixels) naturally result from this simplification.

Most groups working in the area of microcalorimeters and other hyperspectral pixel array detectors have begun with
fairly well developed single pixel concepts and then have struggled with varying degrees of success to identify a realistic array
concept which incorporates a useable readout system. We begin with a well developed read out system, and a concept for
single pixel detectors that are easily and naturally placed into a large format array. In this report, we discuss the
demonstration of the fundamental operational aspects of the QVD detector by developing prototype basic pixels. The basic
physics involved dates back to the discovery of Seebeck voltages in 1823, and it has been used for reliable temperature
measurements in other applications for decades.

{ IN

2. QVD CONCEPT

Figure 1. Absorption of the photon by a normal-
metal film elevates its electronic temperature.
Electrons flow out through the normal-metal lead (N)
and create a voltage V measurable between the
absorber and heat-sink. This voltage is called the
Seebeck voltage.

Figure 2. Operational circle of thermoelectric
detector. Energy thermalization and subsequent
homogenization within a metallic film is a very fast
process. For typical cases it is less than 100 ps. In the
configuration shown here, signal duration is equal to
the time of energy homogenization between the left
and right identical units. This time is about 10-20 ns
for typical devices. Because of Kapitza resistance
between metals and the dielectric substrate, the heat
outflow (resetting) time is much longer, about 1ts.

Figures 1 and 2 elucidate the operational principle of the thermoelectric sensor, which is the primary component of
the QVD device.
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The central driving concept is to use a thermoelectric thermometer in a microbolometer. One can only speculate why no
serious consideration was devoted to this type of temperature measurement in earlier microbolometric research. It may have
been because common thermoelectric thermometers (say, Au with 0.07% of Fe impurities) were developed to have a
monotonic response in a wide temperature range and thus are not outstanding in sensitivity. We are optimizing the
thermoelectric sensors for a narrow range 0. 1 -1 K and are able to chose materials with much higher sensitivity.

3. EXPERIMENTAL PROGRESS AND STATUS

Prior to 1999 our experiments had focused on understanding and proving that the response of anisotropic materials
to light pulses is a thermoelectric response [1] and that it could be used as the basis of an energy resolving photon detector
[2] . We had also completed a literature survey which showed that the only known materials with large low temperature
Seebeck (thermoelectric) coefficients are isotropic. We then used our understanding of sensor operation to redesign the
device to utilize the response of isotropic materials. That required a total change in the device layout. Thus one year ago we
had a well-precedented design, but no experimental results on devices we hoped to develop further.

Our first effort to test an isotropic QVD sensor occurred in August 1999 using a device made by crudely modifying a
structure originally fabricated for another purpose. It achieved an energy resolution of -450 KeY when exposed to pulses of
Uv radiation (millions of photons per pulse). Shown in Fig. 3a, this device consisted of a small 3Ojtm high triangle 0.5 tm
thick Au absorber, and a larger triangle (150 tm high) that is a heat-sink. The absorber and heat-sink are connected by a Au +
100 ppm Fe sensor (too small to be visible in this figure). Rough silver glue pads were used for electric leads; these leads
seriously reduced the performance of this first device.

He-S Cryostat

b)

uviase±fl/!!mPlitt&
Energy monitor

Figure 3. a) The first prototype used to demonstrate the biasless QV-transformation (August 1999); b) experimental scheme.

The second generation of devices attained an energy resolution of 1 .5 KeV at 6 KeV in October 1999 (shown with its leads
and contact pads in Fig. 4. These devices had a 1 8x22x0.2 m Sb absorber, an identical heat-sink, and a 2x26x0.5 m sensor
made of the same Au + 100 ppm Fe as the first generation device. The use of superconducting Sn electric leads and Sb
absorber/heat sink led to the factor of 100 improvement in performance. As in the previous generation, the laser pulses were
shining homogeneously onto the device, the second half of which (the heat sink) was shadowed by foil.

a) b) c) ______

Figure 4. The prototype device. a) Wide Sn leads transform into narrow strips attaching the Sb absorber and heat-sink
with an Au-Fe sensor between them; b) the central part of the device enlarged; c) shadowing the half of the device by a
foil screen, right.

The third generation of devices uses a full set of photolithography masks and is made in fully integrated fashion by
team members at NRL, with help from Purdue University. The custom designed masks for a lOxlO tm chip contain 32
devices (Fig. 5). The devices on each chip systematically vary a single parameter at a time to allow an empirical search for the
optimum configuration.

Proc. SPIE Vol. 4140 461
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Figure 5. Devices produced for systematic experimental search for the best design parameters. (a) General layout: 4
groups of 8 devices with a common lead, only one parameter is changed in one group; (b) the lead structure enlarged,
device is not visible on this scale and is shown in (c).

The first samples from this mask provided an object lesson in the importance of close collaboration between the
device fabricators and device developers. The devices displayed no response at all when first run. We now understand that
this is due to an unanticipated fabrication issue —Cr cannot be used as an etch mask in the sensor definition phase1 . It was not
until we applied sufficient DC current (40 jtA) to the sensor to drive superconducting Cr remnants into the normal state that a
large response to light pulses appeared. Afterward, we found literature evidence [3] that Cr can become superconducting
when ion beam sputtered with Ar, Kr, or Xe, with transition temperatures in the range 0.6-3. 1 K.

This experience has reconfirmed our device model —had the Cr remained a normal metal, it would have reduced the
signal amplitude but not eliminated it. This learning experience has cost "only" a few months of schedule delay. We are now
investigating alternative etch masks and plan to fabricate more samples immediately.

We expect the current generation of Au-Fe sensor devices to provide energy resolution below 100 eV for 6 KeY
incident, another factor of 15 improvement compared to the second generation. We show in the next Section that a further
factor of 100 improvement is possible. That is, energy resolution of 1 eY or even less may be achievable.

4. TOWARD 1 eV RESOLUTION AND BEYOND

We have fully discussed the physics of the QVD detector at professional meetings of the detector and
thermoelectricity communities (see Refs. [4,5] which summarize the arguments). Therefore the model presented there will be
used here without derivation. Theoretically achievable energy resolution is determined by the signal-to-noise ratio, and for the
structure shown in Fig. 4 can be expressed as:

A1 '1'1 m2- 2 ill2
LxrFW}1M = L.J.) j LKB1 -abs(l+LO1S )1 (1)

Here Cabs 5 the absorber (and identically structured heat-sink) heat capacity, S is the Seebeck coefficient of the sensor, T is
the bias temperature, and L0 = 25 nW/K2 is the Lorenz number. The first term in braces is related to the thermal noise and
the second to the Johnson noise. For example, at T—O.3K, Cabs1fJ/K, S—lOOjtV/K, one deduces EFWHM -4 eY. Even higher
resolutions (—0. 1 eY) are possible for smaller Cabs, lower temperatures and materials with higher values of S (see discussion
in Section 4).

1 In the fabrication step that defines the narrow sensor element, a robust etch mask is required. Cr is a standard choice and as
deposited is a normal metal. However, even though an effort was made to fully remove the Cr by ion milling as the final
fabrication step, enough remained that it formed a conductive coating. Moreover, thanks to the ion bombardment, it was
converted into a superconductor with a transition temperature about 0.6 K (base temperature of the cryostat is 0.35K). When
the coating became a superconductor below 0.6 K, it shorted out the device's thermoelectric response.
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Substrate

Figure 6. Conceptual schematic of double pixel structure, used in current experiments.

Thermoelectric sensors can function as either voltage or current sources. The low working temperatures and low impedance
of the sensors facilitate using SQUIDs as preamps for the lowest noise. SQUIDs measure current and transform it into voltage
(Fig. 7).

Cold stage

Detector I
electronics

Figure 7. Signal acquisition scheme in single-pixel experiments.

Three important considerations about the signal chain are apparent from this scheme:

a) Any parasitic resistance should be eliminated (in devices, interconnections, etc.).
b) Input/output impedances should match in stage I, and in stage V, the amplifier input noise should be lower than the output

noise level from the SQUID preamplifier.

c) Signal acquisition bandwidth should be optimized.
The 150,000 -* 1,500 eV energy resolution improvement between our first and second generation devices was due not only
to the device improvements, but also to our successful efforts to begin to address these factors. Our current samples (Fig.5)
have Rdetjt O.3 Q, while the duration of the signal, shown in Fig.8, is not more than 50 ns.

i t<
.. Innut •

. .

j< flefrece

Lii .mt"\ ' ch2 1novl f •2Gns' Chi u

Figure 8. Test pulse (2Ons duration) input and electronics response, left; photodiode (top) and QVD detector (bottom)
response to laser pulse, right.
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Given that Cabs 2 fJ/K and T=O.65 K, this agrees with the model in Refs. [4 and 5].There the signal duration is expressed as

tsignal CabsR/(L/T) (2)

This predicts tsignal should be about 15 ns, which means that the expected value of signal bandwidth is VB- 70 MHz and
W=2TCVB 4x108 s'. The experiment confirms that VB is at least 50 MHz. Our SQUID amplifier had L=1/4 iH so its input
impedance Z = Lw is not less than 3O and could have been as large as 1OOi Comparing Rdet.unjt and Z, we now understand
we were losing 2 or more orders of magnitude in signal amplitude on stage "I" of FigS. We need a custom SQUID amplifier
with smaller input inductance. Another (one) order of magnitude degradation of S/N is currently lost at the stage "V", since
we used room temperature electronics with input noise —2nV/Hz112 . We have more recently found a much better choice
(-O.3nV/Hz"2 [6]). We have tested it in our lab, and it is clear that the electronics can be tuned in a rather straightforward
manner to make the electronic noise lower than that of the device, as is assumed in Eq. (1). For this task we already have in
hand SQUID amps with L=25 nH (made at TRW) with bandwidth more than 10 MHz. Though not yet ideal for 1 eV energy
resolution, these values are good enough for the intermediate task. Currently the noise of the Au-Fe-device itself limits the
achievable energy resolution to about 20 eV. Two orders of magnitude improvement in electronics performance is enough for
these devices to reach their theoretical resolution. The third order of magnitude will require hexaborate sensor devices, which
will eventually replace the current Au-Fe prototypes. We expect also to have available full custom electronics that matches
the device requirements ideally. That will be the fourth generation of devices.

To understand the hexaborate sensor issue we present two plots in Fig. 9:

n
,.: o_

ci) :° * •Dc3o- o ' *
ci) ,.

0
(I) ______________L_ . .. .- - - ....... . ..

0.01 01 I 10 100
T/T0 (T0=1.GK)

Figure 9. S in Kondo metals: left is Au+Fe [7] for different iron concentrations; right is La(Ce)B6 [8] for different Ce
concentrations.

Comparison of these plots indicates that hexaborates have about ten times larger values of the Seebeck coefficient than Au-Fe
at the <1 K bias temperature required by thermal noise considerations. According to (1), this means that one will gain an order
of magnitude in energy resolution by replacing the Au-Fe sensor with a La(Ce)B6 sensor. Moreover, this material has about
three times higher resistivity than Au-Fe, so according to (2), the duration of signal will be longer, the bandwidth VB will be
lower, and the overall signal handling will be easier. One should bias the detector at about 300 mK, which is within the range
for getting optimal values of 5(T) using the hexaborate sensors (the temperature scale is logarithmic in Fig.9 for La(Ce)B6).
For such a bias temperature, Cabs=l/4 fl7K absorbers would yield L\EFWHM =1 eV. A 6 KeV photon deposits about 1 fJ, so that
to keep the temperature rise small (—1 K), Cabs lfJ/K is desirable. This size would still deliver a resolution AEFWHM —2 eV.

Development of lanthanum-cerium hexaborate thin film technology to replace the Au-Fe sensors in these devices
and obtain the additional order of magnitude improvement in resolution is a challenging task, since the thin film technology
for La(Ce)B6 is not well developed. We have already started this research. As the diffractograms in Fig. 8 indicate, for

Temperature (in K)
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revealed that the best choice is Au or Sb for X-ray photons. For both materials data exists on the electron-phonon relaxation
times. At 300 mK these times are teph 1 .4 1 .9 t5 for Au and teph' O.272.7 t5 for Sb [5]. They are muchlonger than the time
required for the excess energy to become homogeneously distributed between the absorber and heat sink: less than 50 ns as
was discussed in Fig.2. The heat is transferred in the form of "hot electrons", and they are alone responsible for the
(thermoelectric) voltage signal. The phonons participate negligibly at this stage (see Table 1 for electron-phonon interaction
times). The temperature rise following absorption of photons takes place in the electronic system.

Table 1. Electron-phonon interaction time,
teph in some metals*

metal teph @ 1 K

[tsec]
teph @ 0.3 K

[jtsec]

Ag 0.09-1.1 2.4-3.0

Au 0.05-0.07 1.4-1.9

w 0.05 0.5

Sb 0.01-0.1 0.27-2.7

*) teph scales as ocT3 for Ag, Au and Sb, and ocT2 for W. The data are obtained by RFSE technique [10-13].

Thus one should take into account only the electronic contribution into Cabs. Cabs 2 fJ/K transfers into a volume
Vabs 100 Jtm3 for Au-absorbers (see Table 2).

Table 2. Thermal parameters for candidate absorber metals*

metal, Z C = eI T
@ 1 K

[JLJ cm3 K1]

@ 1 K

[J cm3 K1]

Ce eI T
@0.3 K
QtJ cm3 1(1]

@ 0.3 K

[iJ cm3 K1]

Vabs yielding
CabstOt 1 fJIK

@0.3 K, [im3]

Be,4 34-47 45 14 10-14 70-100

As, 33 14 4.2 >22.7 —40

Sb,51 6-30 1.8-9 10-14 —100

Bi, 83 0.4-3 20 0.1-0.9 0.7-1.4 —1000

Au,79 60-80 120 18-27 20-30 30-50

w, 74 140 140 40 40 25

5The data were compiled and calculated using [14-16]. The very complicated character of the electron-phonon interaction, as
well as the anisotropy causes the large uncertainty for the case of semi-metals As, Sb and Bi.

A detector unit with pixel size 10 tmx10 tm and thickness 1 tm will have energy resolution better than 3 eV for 6 KeY
photons with a temperature excursion in the "hot electron" system of less than 0.5 K. As shown in Fig.9, such excursions will
not take the device out of the effective operational temperature range. In the case of Sb-absorbers Cabs 2 fJ/K means a
volume Yabs 220 1200 tm3 (Sb has a larger uncertainty in Sommerfeld's constant y ,y= CabsIYabsT, and thus in the electronic

heat capacity). The absorption of Sb is given in Table 3. Although at higher energies antimony has a smaller absorption
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Figurel2. Antimony, bismuth and gold as possible candidate materials for absorbers of QVD detector will have
different quantum efficiencies, pixel sizes and energy resolutions (calculations by M. Kowalski, NRL Code 7620).

Table 3. Absorption efficiency of single UV/EUV photons in crystalline Sb films

Wavelength, A 1000 500 33 25 20 17 14 12 1 1 10

Efficiency, % , at d = 0.25

Jtm

100 91.12 52.4 99.9 99.9 99.9 99.5 97.9 95.1 91.9

Efficiency, %, at d = 1 tm 100 99.99 94.87 100 100 100 100 100 99.9 99.9

coefficient than gold (see Fig. 12), and correspondingly, lower quantum efficiency at the same absorber thickness, it is
suitable for low and intermediate energy photons and can provide larger pixel sizes at the same resolution level or higher
resolution at the small pixel sizes. Bismuth is also a good candidate to test as an absorber: it has about 10 times lower heat
capacity than Sb and thus can yield larger pixel sizes.

5. MEGAPIXEL ARRAYS AND DIGITAL READOUT

One of the great advantages of the QVD detector is that there is a clear development path from single-pixel devices
to large arrays. This process is aided by the fact that thermoelectric detectors have a much larger signal bandwidth than that of
the substrate-related phonon noise (see Fig. 13). This differentiates the QVD approach from competing microcalorimeter
devices, and allows our detectors to be placed directly on substrates, thus avoiding "pop-up" [9] or suspended structures, and
permitting more rugged, edge mounted solid substrate structures (Fig. 14). For example, for pixel sizes of 20 tm, 1000 pixels
in a row can be placed on a thin wafer 2 cm in length, and up to 1000 of these wafers can be stacked to form a complete
megapixel detector. In this arrangement, the electronics (amplification, A/D conversion, signal storage and readout) for an
entire row can be integrated onto the side surface of the wafer, so that only a few external connections to one substrate are
necessary. Noting that a single set of electronics serves for two pixels, it is instructive to estimate the surface area required for
the electronics on a wafer (assumed to be 1000 pixels). A SQUID amplifier occupies about 100,000 tm2, an A/D converter
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Figure 13. The characteristic time-scale for the energy exchange with substrate is set up by the Kapitza
time: 'rK=roCabs/TAabs [4], (where r0 = 20 K4cm2IW, and Aabs is substrate absorber boundary area), which for the
considered parameters is 1 ps, i.e. >>ti. This causes the signal bandwidth to be much larger than the substrate noise
bandwidth, so that devices can be deposited directly on the substrates.

Figure 14. Instead of "pop-up" structures [9], thermoelectric design allows much more rugged pixel
array construction: single units (two possible options shown at top) are deposited on the edges of thin
substrates, while the electronics is deposited on the larger side of the substrate (left bottom figure).
Substrates, each with two rows of pixels, are then stacked into a megapixel array ("book" structure,
right bottom figure).

suitable for the QVD detector has been estimated to occupy about 50,000 Itm2, and the remaining circuitry (trigger,
multiplexing, storage, and readout) should occupy no more than an additional 50,000 m2. The 500 sets of electronics
required would then need 10 cm2 total, which is a wafer 2 x 5 cm. Of course, smaller arrays place fewer demands on the
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packaging technology, and the megapixel array is considered a desirable goal. For the individual wafers, some details are
already being studied. For instance, single-crystalline silicon substrates of 20 micron thickness are commercially available,
and are a good choice because standard niobium processing for superconducting electronics on Si substrates can be utilized.
Critical technology development tasks will include sensor device fabrication on the polished edges of such substrates (laser
processing is a leading candidate technology for this task), and handling techniques for the fragile wafers during electronics
circuitry fabrication. Once the wafers are stacked and bonded, the detector assembly should be quite rugged.
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